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CHAPTER 1
INTRODUCTION

Rising levels of atmospheric carbon dioxide and its effects have prompted research
on methods to capture and store carbon dioxide, known as carbon sequestration. Mineral
trapping is considered as a promising technology for CO2 storage in a high temperature
and pressure subsurface environment. Conceptually, upon injection of carbon dioxide as
a supercritical fluid into geological formations, the carbon dioxide will react with the host
rock to form a secondary carbonate mineral that is stable, thus creating a long-term carbon
sink under thermodynamic condition of the reaction. Previous studies have demonstrated
crystallization of magnesite by reactivity of carbon dioxide and olivine-bearing basalt [21].
Glauconite, a Fe/Mg bearing aluminosilicate mineral, is a potential candidate for reaction with CO2 . Glauconite is common in sedimentary rock formations. The objectives of
this study are to 1) develop a protocol for testing mineral trapping in the subsurface and 2)
use that protocol to test the reactivity and effectiveness of the mineral glauconite in carbon
sequestration.
Eutaw Formation in Mississippi and Riley Formation in Central Texas are glauconiterich Formations [24]. In this research, a glauconite rock sample of Riley Formation in an
outcrop of Central Texas was used as an alternative of glauconite rock of Eutaw Formation
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in Mississippi. Riley Formation contains a higher portion of glauconite, and therefore,
a higher mineral surface area for reaction with CO2 saturated solution in comparison to
Eutaw Formation [25].
In this research, given a hypothesis, glauconite, found abundantly in many different
formations in Mississippi, could potentially be reactive with carbon dioxide in the subsurface. An available sample of glauconite sandstone in Riley Formation, Central Texas was
used for the testing of glauconite with CO2 in saline solution. Ten experiments was performed with various parameters including particle sizes, chemical composition of brine,
rock:brine ratio, pH, CO2 source, and duration of the experiment The rock samples were
placed in autoclaves that were incubated in an oven at 120◦ C. Two attempts, glauconite
and brine reactions, were examined after the experiments with X-ray Powder Diffraction
Method (XRD), Scanning Electron Microscopy (SEM), Energy Dispersive Spectroscopy
(EDS), and brine analysis with ICP-ODS. Under such conditions, though there was no
visible evidence for glauconite-CO2 reaction, calcite precipitation from the solution-CO2
reaction was a consideration for carbon sequestration in geological subsurface environment with high concentration of Ca2+ and pH. More work will be discussed to develop the
protocol for evaluating reactivity of glauconite in further.
When completed, this protocol will be applied to samples from sites across Mississippi
including a Kemper County storage facility and fields where carbon dioxide is used for
enhanced oil recovery (EOR).
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CHAPTER 2
BACKGROUND

2.1

Global carbon dioxide emission crisis
The sources of carbon dioxide emission that include microbial respiration and biomass

decomposition are natural; however, the rising concentration of carbon dioxide from industrial activities are an implication of global warming and climate change. Naturally, the
Earth has mechanisms to balance the concentration of CO2 in the atmosphere by storing it
in environmental sinks such as vegetation, geological strata, and oceans, which exchange
roughly 90 billion tons of atmospheric CO2 per year (WMO, 2011). However, the buffering and storage capacity of these natural systems are limited, and the saturation of these
systems reduces the amount of CO2 that can be naturally sequestered. Since the beginning
of the Industrial Revolution in 1750, CO2 levels in the atmosphere have increased nearly
40%, having crossed 400 ppm CO2 [9]. CO2 accounted for approximately 82% of all U.S.
greenhouse gases emitted in 2012, with the primary contribution being from burning of
fossil fuels for energy (EPA, 2014). Following by Russia, the United States is the second largest producer of greenhouse gasses, with 17.9% of all emissions worldwide (IEA,
2011).
High concentration of carbon dioxide in the atmosphere (CO2 ) has caused climate
change and global warming in the Earth. Thus, much research has been done with the
3

intent of storing CO2 in a process called carbon sequestration, some examples of which
include bio-sequestration, stratigraphic traps, and mineral trapping. Bio-sequestration of
CO2 is the process by which carbon is stored in vegetation, for example rain forests currently act as a carbon sink for anthropogenic CO2 emissions. Injection of CO2 into subsurface formations underneath the Earth is known as stratigraphic trapping and is an effective
technique for carbon sequestration at the time. Once captured, the CO2 gas is compressed
into a supercritical fluid, and injected into a geological reservoir such as a deep saline
aquifer. The supercritical CO2 could also be injected into reservoirs with a suitable trap
rock and storage space, which can enhance oil and gas recovery of depleted reservoirs [10].
Among a lot of sequestration techniques, the breakthrough method is mineral trapping.
The capture of CO2 in subsurface geological settings can be utilized as a long-term storage
method for mitigating the global issue of carbon emissions. Indeed, trapping CO2 as a
solid mineral phase requires a favorable host rock and mineral reaction under carbonation.
Carbonate minerals play an important role in expanding the holding capacity of saline
aquifers, and can strengthen the sealing capability of the trap rock by reducing porosity
and permeability through infilling. The mineralization leads to a better seal for the fluid
of supercritical CO2 still remaining in the aquifer [13]. Most research has been conducted
with mafic rocks, olivine as an example, but an research in testing a mineral in sedimentary
rocks as glauconite has not received an attention yet.
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2.2

Mineral trapping mechanism
The hypothesis that CO2 could be sequestered long-term as carbonates in the subsur-

face environment by mineral trapping. After one year of CO2 injection into a sandstone
reservoir at Nagaoka, Japan, a chemical analysis showed a change in concentrations of
2+
2+
2+
2+
HCO−
[19]. Mineral trapping is considered a desirable
3 , Ca , Mg , Fe , and Mn

mechanism because CO2 is permanently stored in solid phases, such as calcite, dolomite,
magnesite, siderite [10, 28]. A type of glauconitic sandstone was identified as a potential candidate for sequestration in the Alberta Sedimentary Basin. However, the previous
researchers tested a glauconitic sandstone by X-ray diffraction method (XRD) with 5%
glauconite, 87% quartz, 2% K-feldspar, 1% plagioclase, 2% kaolinite, 1% calcite, 1%
dolomite, and 1% siderite unsuccessfully [10]. The experiments were at 105◦ C and 90
bars. The duration is one month, but the secondary mineral was not visible under scanning
electron microscope (SEM). The reason believed is due to slow reaction rate between minerals and CO2 [10]. To investigate chemical and mineral composition of initial and product
mineral phases, XRD and SEM were applied widely in research.
A brine chemistry alternation was observed in a geologic storage of CO2 in a saline
sedimentary aquifer in Frio Formation in the U.S Gulf Coast. Aquifer samples after six
months of CO2 injection showed a drop in pH (6.5-5.7). The increases of alkalinity and
Fe concentration indicate a dissolution of minerals, especially iron oxyhydroxides [14].
It is also important to consider the reaction between the caprock overlying the storage
reservoir. A CO2 -brine-caprock interaction was investigated by Liu et.al, 2012. The research showed that a minor dissolution of K-feldspar and anhydrite, and precipitation of
5

pore filling illite/smectite, and siderite surrounding pyrite [15]. The results of research of
CO2 -brine-rock varied due to the difference in rock composition and brine chemistry of
the geological site. There, brine composition and mineral composition are considered as
primary factors for the trapping capacity of a geological carbon storage [29].

2.3

An expected carbons-sequestration geological site in Mississippi and Texas
Eutaw Formation, Mississippi and Riley Formation, Central Texas will be introduced

its geological settings, sequence stratigraphy, and lithology. The purpose is to make a
comparison between two formations which contains high proportion of glauconite mineral.
Glauconite is under investigation of its capacity for carbon sequestration. Therefore, Eutaw
Formation and Riley Formation is promising candidates for carbon sequestration sites,
especially Eutaw Formation in Mississippi.
Eutaw Formation is named by Hilgard [11], then the formation is separated by underlying Tuscaloosa formation and Tombigbee sand as the upper layer of Eutaw Formation
which occurred in Cretaceous. The Eutaw Formation has average of 30 m of thickness
in general in most areas of Mississippi and Alabama. The Formation is much thicker in
subsurface of Jasper county, Mississippi with 1371 - 1676 m [7]. The unit crops out from
the southwest corner of Tennessee, across Mississippi and Alabama, to the central western
portion of Georgia [11].
The lithology of Eutaw Formation is known with the abundance of glauconitic sandstone, micaceous sand with numerous laminae, and thick clay layers [26]. The color of the

6

sandstone varies from white, gray, to greenish gray. It is recorded that the fresh sand color
could be changed to yellow, red, purple, and brown under weathering.
The Riley Formation is a geologic formation in Texas. Its thickness has a range from
244 m along the southern edge of the Llano region to 183 m along the northern edge. The
formation formed by a transgressive-regressive cycle of marine sediment accumulation in
Cambrian period. It is divided into three main lithofacies including Lion Mountain sandstone as the upper member, Cap Mountain limestone in the middle, and Hickoky sandstone as the lower member [1]. The Lion Mountain Sandstone consists of a glauconitic
sandstone, medium grained, quartz arenite deposited in a beach environment [8].

2.3.1

Geological setting and sequence stratigraphy

Two expected geological carbon sequestration sites are introduced for their general
information about geological setting and stratigraphy. This section gives an understanding
about the depositional environment of each formation containing glauconite.

2.3.1.1

Eutaw Formation, Mississippi

In the Mississippi area, the Eutaw Formation is capped by The MacShan Formation and
Mooreville Formation. According to [11], the Eutaw Formation includes the Tuscaloosa
Formation and excludes the Tombigbee Sand that lies between the Eutaw Formation and
the Selma Group. Higher in the section, the Tuscaloosa Formation is separated from the
Eutaw Formation by an unconformity between them, and the Tombigbee Sand was grouped
as an upper member of the Eutaw Formation because the gradational contact between
them [23]. The separation of formations is shown in Figure 2.1.
7

The unconformable contact between the Tuscaloosa Formation and the Eutaw Formation can be considered as a regional unconformity that coincides with a regional sea
level fall [17]. The contact between the Tombigbee Sand and Eutaw Formation marks a
surface of transition between an aggradational stacking pattern to a trangressive backstepping pattern. The contact between Mooroville Chalk in the lower member of the Selma
Group and the Eutaw Formation facies signifies marine trangressions or maximum flooding surfaces [18]. The transition between them is where the deposits shift from glauconitic
sandstone to fossiliferous sands.

2.3.1.2

Riley Formation, Central Texas

All of the Cambrian strata in central Texas are below the Wilberns Formation. The Upper Cambrian Riley Formation was divided into three members including Lion Mountain
sandstone on the top, Cap Mountain limestone in the middle, and Hickory sandstone at the
bottom. The division was because the contacts of these three members integrate laterally.
The Hickory sandstone member is non-calcareous, non-glauconitic sandstone unit. The
sandstone consists of buff course sand grains at the bottom and grade from buff to maroon
fine sand upward. Because of the contact with the lower portion of the Cap Mountain
Limestone member, the maroon color continues into the Cap Mountain Limestone.
The Cap Mountain Limestone member has its average thickness of 85.34 m. The member contains brown to gray, fine to medium glauconite grains and a little oollitic and silty
limestone. It can be divided into lower limestone, middle siltstone and upper limestone.
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Figure 2.1: Stratigraphy from Cenomanian to Maastrichtian stage of Upper Cretaceous of
the northeastern Gulf of Mexico Basin. Modified from [22]

9

The Lion Mountain Sandstone is a thin member with its thickness is smaller than 50 ft. It
has rich glauconitic sandstone. The top of this unit contains a layer of glauconitic shale.
The Lion Mountain is a sequence of interbedded green glauconitic quartz sandstone,
siltstone and shale, and white coarse-grained trilobite coquina. Cross-dip direction readings in the sandstones have a bimodal distribution of a predominant mode faces northeast
and a secondary maximum lies diametrically opposite.
Stratigraphy and sedimentary structure of Lion Mountain Sandstone indicated that the
sandstone was deposited in an extensive tidal-flat environment on a stable shelf.

2.3.2

Mineral composition

Mineral compositions of typical rocks in Eutaw Formation, Mississippi was pulled out
from literature review. Rock samples of Riley Formation, Texas was analyzed by XRD and
SEM-EDS. Because the research used glauconitic sandstone sample from Riley Formation,
but intends to consider for a Mississippi geological carbon storage. A comparison between
two rock samples was made to support the hypothesis.

2.3.2.1

Eutaw Formation, Mississippi

The lithology of the Eutaw Formation consists of mostly glauconitic sandstone and
micaceous sand with a small amount of lignite, plant fragments, clay laninations [25]. The
sandstone colors vary as white, gray, greenish gray when fresh, but change to yellow, read,
purple, or brown when weathered [27]. In outcrop, local pockets of gravel, lignite (Morse
et al. 1943)
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In the sandstone sample of the Eutaw Formation, heavy minerals, carbonate, and clay
minerals together make up less than 10 wt%. Most of grains are sand-sized and consist of
quartz glauconite, a little muscovite, and a small amount of heavy minerals. The quartz
grains are fine, well-sorted, and angular. Similar sizes as quartz grains, glauconite grains
are fine, well-sorted, well-rounded when not broken apart. Muscovite flakes are larger
in diameter than the quartz and glauconite grains. Besides, less than 2 wt% of the sand
contains heavy minerals including 35 % pyrite. Pyrite, which occasionally associates with
glauconite, appears as spherical crystalline aggregates.

2.3.2.2

Riley Formation, Central Texas

Quartz and glauconite platelets are the main clastic components in the Lion Formation.
Quartz grains are highly rounded. The Lion Mountain Sandstone Member composes of
fine- to coarse-grained, dark-green, glauconitic sandstone, purplish sandy limestone, and
calcareous fossiliferous coquina lenses. The rock is moderately sorted. Abundant nodules
composed of hematite, believed to be the weathering product of glauconite, are found
scattered over the surface of the sandstone. The coquina lenses are composed of trilobite
fragments and brachiopod shells [8]. Calcite cementation occupies about 10% (chafetz,
1979). The proportion of glauconitic host rock is approximate 40% [3]. The Lion Mountain
member of the Riley Formation is a trough cross-bedded with its thickness is 2-3 meters.
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2.3.3

Common chemical characteristics of glauconite bearing formations in Mississippi and Riley Formation, Central Texas

For testing an experiment in the lab, a large a mount of rock was needed. The Riley
Formation was chosen because the glauconite is highly abundant and concentrated. It was
chosen for experiments because it provided an abundant amount of glauconite for experiments. The Tombigbee Sandstone, Eutaw Formation, and Lion Mountain sandstone in
Riley Formation have the host rock as glauconite. Comparison of the mineral distribution
of the Riley Formation with units such as the Tombigbee Sandstone and Eutaw formations
in Mississippi share a high proportion of quartz, small amount of calcite and heavy minerals. All of these the glauconite-bearing rocks have green color, fine-medium size, and
well rounded (accepting when glauconite grains are broken). The appearance of glauconite
grains from the two Formation is presented in Figure A.1.
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CHAPTER 3
MATERIALS AND METHODS

3.1

Materials
The experiments required a rich-glauconite sandstone samples that were collected from

Riley Formation in Central of Texas. The sample is provided by Dr. Darrel Schmitz, Department of Geosciences, MSU. The experiment used different types of devices including
a reactor pressure vessel system, the 316 stainless steel autoclaves, and the 304 stainless
steel hydrothermal systhesis reactors.

3.1.1

Glauconite-rich sandstone in Riley Formation, Central Texas

Glauconite-rich sandstone from the Riley Formation was collected from a well-known
outcrop field in Central Texas. The rock sample is the dark green in color, quite soft, and
can be easily disaggregated to rounded grains. When naturally broken, quartz grains can be
seen mostly in 300 - 1000 µm under microscope. The rock analyzed by XRD containing
approximate 58 wt% of quartz, 38 wt% of glauconite and 4 wt% of calcite. The raw
sample under optical microscope is presented in Figure 3.1.1. The rock sample used for
the experiment was ground, then passed though 63 µm mesh sieve. For some experiments,
glauconite was concentrated by sieving though a 230 µm mesh after gently disaggregated,
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then sieving though a 63 µm mesh. This collected powder was rinsed with distilled water
3 times and one last time with ethanol before drying for two hours in the oven at 60 ◦C.

Figure 3.1: A glauconite dominated sample under optical microscope. This sample consists
of clear to white quartz grains (200-500 µm in diameter) and abundant green glauconite
grains (100-400 µm in diameter)

3.1.2

Reactor pressure vessel experimental system

Experiment was conducted in the high pressure R250 CW stain-less steel reactor (Thar
Technologies Inc. USA) in Dave C. Swalm School of Chemical Engineering (MSU). The
reactor has whole capacity of 254 ml with 5 cm ID. It is designed to allow the experiment
under high pressure and temperature. Temperature and pressure limits of this setup are
150◦C and 689 bars. The vessel connected to a regulator that sets a target temperature for
14

the system. The vessel is also connected with a high purity CO2 gas cylinder equipped
with 2 full-length wire tubing for liquid flow. The vessel image is attached as Figure 3.1.2.

Figure 3.2: The high pressure R250 CW stain-less steel reactor in Swalm Lab, Department
of Chemical Engineering

3.1.3

Stainless steel autoclaves

The 316 stainless steel autoclaves are qualified for high temperature and pressure application. They were used in the past for research involving core-CO2 testing, in a past
Department of Energy Grant entitled ‘Improvement of carbon dioxide sweep efficiency by
utilization of microbial permeability profile modification to reduce the amount of oil bypassed during carbon dioxide flood” and were designed by Dr. Lewis Brown. The device
is presented in Figure 3.1.3. The autoclave capacity is 10 ml. Each autoclave is installed
with one fitting and two female threaded half couplings. The fitting has male threads on
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both ends for connecting with female threaded half couplings to build a closed single unit.
The 316 Stainless steel autoclaves are highly corrosion resistant.

Figure 3.3: Stainless steel autoclaves, 10 ml capacity

3.1.4

Stainless steel hydrothermal synthesis reactor

The hydrothermal synthesis reactor is known as an autoclave with Teflon insets, pressure melting bombs, or PTFE high pressure tank is made with high quality stainless steel.
The reactor is equipped with a Teflon liner with 100 ml capacity. The operating temperature should be smaller than 220◦C and pressure limit is 3 MPa. The device has a Kettle lid
body and a durable, reliable cable seal structure. The seal was tested for its stability and
demonstrated very low level of leakage. Heating and cooling rate suggested is 5◦C/min to
protect the reactor long-term. The reactor is safe in both alkaline and acidic environments
and is widely used for scientific research experiments.
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Figure 3.4: Stainless steel hydrothermal reactor, 100 ml capacity

3.2

Methods
Two techniques were applied where total pressure was controlled by delivering CO2 to

a reactor pressure vessel; and kept at saturated vapor level in autoclaves. With a high level
of leakage of the vessel, the using of autoclaves avoids the leakage. In post experimental
analysis, the treated glauconite samples were analyzed with Scanning Electron Microscopy
(SEM), Energy Dispersive Spectroscopy (SEM), and X-ray Diffraction Method (XRD).
Some of water samples was analyzed with Optical Emission Spectrometer (ICP-OES).

3.2.1

Batch experiment

A total of ten successful experiments were conducted in various conditions. The first
experiment was set up in a supercritical-fluid high pressure vessel, and a Teflon beaker
was placed inside. 1.5 g of glauconitic sandstone with 0.01-0.5 cm diameter particles were
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placed into the beaker, then 30 g of sea water was poured into. When the system was shut,
the valve of CO2 cylinder was opened to flow supercritical fluid CO2 to the reactor. The
reactor was purged with CO2 three times before fully charged with CO2 . The charging of
CO2 stopped when the reactor’s pressure gauge is stable. The regulator set the temperature
for the reactor at 120◦C, then pressurized up to 100 bars. The rock sample was incubated
in 10 days before analyzed with XRD and SEM.
In the second experiment, 0.7 g of 10-75 µm grains reacted with CO2 formed by ammonium carbonate decomposition in 4 ml brine of 0.5M NaCl and 0.25M CaCl2 . The brine
was prepared by adding 5.844 g of NaCl and 7.3507 g of CaCl2 into 200 ml distilled water.
The CO2 source was from the decomposition of 0.15 g of ammonium carbonate when the
temperature reaches 120◦Cat which point the CO2 was released completely. The powder
of ammonium carbonate was placed into a cylinder quartz tube, size of 0.5 cm diameter
and 5 cm height. The volume of the brine was calculated to be lower than the top of the
tube. The temperature was set at 120◦C for 14 days.
In other experiments, mineral mixture was enriched in glauconite (69.5 wt% glauconite
and 30.5 wt% quartz) by sieving though 250 µm mesh, after grinding gently. The hardness
of glauconite is much lower than quartz, causing a grain size separation between glauconite
and quartz. The 250 µm sample was ground, then sieved through 63 µm mesh. For the first
three experiment of the set, 0.5 g of 10-63 µm grains were placed into 5 ml of Ca-Na
brine adding 200 µl, 65 µl, or 20 µl of concentrated HCl. 0.2 g ammonium carbonate was
placed into the quartz tube, then the autoclaves were closed before put in an oven at 120◦C.
The same sample was used for the next experimental series with the same procedure, but
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different types of brine and source of CO2 . The last experiment was performed by using
a hydrothermal reactor with Teflon liner. The conditions of all experiments were listed in
the Table 4.1.

3.2.1.1

Experimental procedure for the reactor

The process used for glauconite reactivity will be conducted in a high pressure R250
CW reactor (Thar Technologies Inc. USA) whose design will follow the detailed description of [20]. The stainless steel reactor cell has 254 ml initial volume, equipped with a
small bore 5 cm ID. The vessel is passivated with 10 vol% acetic acid during 24 hours
for 3 times. After the vessel is cleaned, the experimental set-up allows for serial sampling while maintaining constant temperature and pressure. The 1.5 g of glauconite pieces
placed in a Teflon beaker 50 ml mixed with supercritical CO2 in the reactor pressure vessel
to reach the desired operating conditions of pressure (100 bars) and temperature (120◦ C).
The supercritical fluid flowed through a metal tubing that connected the vessel and a high
purity CO2 gas cylinder. A 30 ml mixed brine sample passed through the 0.45 µm membrane filter to remove suspended matters [16]. After the reactor is sealed, the reactor will
be purged three times with CO2 before pressurized to 100 bars and heated to 120◦ C. The
reactivity was maintained for 10 days for a sufficient reaction before the rock sample was
taken out to investigate new phase of mineral by the X-ray Powder Diffraction method
(XRD) and Scanning Electron Microscopy (SEM).
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Figure 3.5: Autoclave experimental set up. The autoclave contains two parts that are screw
tightly to each other. the glauconite powder and the brine were poured into one part, then
closed and placed vertically into an oven

3.2.1.2

Experimental procedure for autoclaves

Before performing the experiment, all autoclaves were cleaned by soaking into acetic
acid 10% in one day, then dried in an oven. In each clean and dry autoclave, glauconite
powder was placed at the bottom. 5 ml of brine was added into the autoclave. A quartz
tube containing approximately 0.2 gram of ammonium carbonate was put into the autoclave. The top of the tube is over the water level in the autoclave so that carbon dioxide
releases into the empty space. After the experiment set up was done, the lid was screwed
immediately. In addition, to avoid water leakage, the autoclave was sealed with high temperature sealant before being placed into an oven already set 120◦C.
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3.2.2

Scanning Electron Microscopy - Energy Dispersive Spectroscopy (SEM-EDS)

The morphological surface of the rock is expected to be observed differently before
and after the reaction because of new carbonate minerals. A small sample of experimental
products were examined using a field-emission SEM and a HITACHI TM-1000 at the Institute for Imaging and Analytical Technologies (I2AT) in the Mississippi State University.
Besides identification of newly formed carbonate minerals, the SEM was aided by energy
dispersive spectrometry (EDS) for qualitative analysis of elemental composition in both
samples before and after treatment [16].
All treated samples followed some preparation steps before analysis with SEM. The
first treated samples were attached to aluminum stubs with double side adhesive carbon
tape then coated with 30 nm platinum and examined using a scanning electron microscope.
Because the adhesive carbon tape disrupts the identification of carbonate under EDS,
the second treated sample was pressed on the top of indium plate to avoid the presence of
carbon in the EDS images.
Later, the treated samples were mounted with epoxy. The epoxy solution was prepared
by mixing epoxy and hardener with the ratio 4:1, stirred gently to avoid bubbles in 5 minutes. A small amount of sample was put on the top of the double sided tape attached to
aluminum plate. A Teflon ring was placed to surround the sample. Epoxy solution was
dropped to cover all sample grains until its thickness was approximately 0.5 cm. The
sample was left over night for solidification, then polished wet with silicone carbide (SiC,
Buehler) in various direction with abrasive papers of 600, 800, 1200 in grit designation.

21

When grains expose under optical microscope, the samples were polished with 1 µm alumina powder.

3.2.3

X-ray Diffraction Method (XRD)

The samples were quantitatively analyzed using random-powder X-ray diffraction (XRD).
XRD was conducted on a Rigaku Ultima III X-ray Diffraction System at I2AT, which is
PC software based on the Rietveld method. [12] showed the sample preparation methods
and analytical parameters can be used for XRD analysis.
The rock samples were ground to powder by agate mortar and pestle, then cleaned 3
times with distilled water, rinsed with alcohol then put into an oven for an hour until dry
thoroughly. A small amount of rock sample powder was transferred to clean quartz dishes.
The powder was spread to fill the sample holder adequately. The dishes were then placed
to a holder in the XRD machine. The machine was operated at 40 kV and 44 mA. The
sample was scanned from 5 to 70 of diffraction angle (2θ) at scanning speed of 1◦ /min.

3.2.4

Optical Emission Spectrometer (ICP-OES)

The solution is conducted by a peristaltic pump to a spray chamber where solutions
aerosol is lead into an argon plasma. In the ICP-OES, the plasma is generated at the end
of a quartz torch by a water-cooled induction coil though with a high frequency alternate
current flows. An alternate magnetic field accelerates electrons into a circular trajectory.
Because of the collision between the argon atom and the electrons ionization, the plasma
is extremely hot. In the torch desolvation, atomization and ionization of the sample takes
place. Each element has its own characteristic emission spectrum. The brine after treat22

ment was analyzed for ten elements including Na, K, Ca, Mg, Si, Al, Fe, Zn, P, Sr. The
1000 ppm standard solutions of those elements were used for standardization. Four standardized solutions of 100, 10, 1, and 0.1 ppm were prepared from 1000 ppm standard
solutions by the factor of ten for each. Preparation steps are shown in the Figure 3.6. The
diluted solutions of 10 target elements were performed to supply a standard curve that is
used for calculation of elemental concentration based on intensity. Before brine chemistry
analysis, all brine solutions were diluted by the factor of 100 because of the measurement
range of the machine. The 1% HNO3 was added to the solution to dissolve all precipitates.

Figure 3.6: Dilution steps for standardized solutions before ICP-OES analysis. 5 ml of
each 1000 ppm standard solution for each element was mixed together to have 50 ml of
solution A of 100 ppm. 5 ml of the solution A was transferred to the bottle B, then added
45 ml of 1% HNO3 . The step continued to make the solution C of 10 ppm and the solution
D of 0.1 ppm.

23

CHAPTER 4
RESULTS

4.1

Chemical composition of glauconitic sandstone in Riley Formation, Central Texas
The rock sample in Lion Mountain Sandstone Member, Riley Formation in Central of

Texas was analyzed its mineral composition, grain morphology, and chemical composition
of grains. XRD results revealed that the sample is highly glauconitic quartz sandstone
with approximate 38 wt% of glauconite, 58 wt% of quartz, and 4 wt% of calcite. There
were some of carbonate fluorapatite pieces detected by EDS. Glauconite grains are small
rounded platelets, mostly in 200 400 µm. A Couple of pink calcite or carbonate fluorapatite
grains with size of 200 µm was found in the sample. When disaggregated mortal and
pestle, glauconite was broken into rounded and half-rounded grains. These grains were
carefully selected for EDS analysis to identify their chemical composition. The glauconite
in Riley Formation was confirmed to associate with zircon and calcite. Three EDS analyses
was conducted to reveal that the glauconite mineral contains approximately carbon 9.15
wt%, oxygen 42.01wt%, magnesium 1.98wt%, Aluminum 2.19wt%, silicon 16.23wt%,
potassium 7.06wt%, iron 18.54wt%, zirconium 3.42wt%.
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4.2

Brine chemistry of Eutaw Formation in Mississippi
To examine Eutaw Formation in Mississippi, the brine chemistry data was extracted

from the public brine chemistry USGS database. Total 151 wells of Eutaw Formation
over 11 counties of Mississippi were collected and assessed for Ca2+ , Mg2+ , Na+ , Cl− ,
TDS, and pH and plotted in the following figures. Eutaw Formation in Mississippi has
a high saline brine with the concentration of Mg2+ in a range of 500–1600 mg/L, the
concentration of Ca2+ in a range of 5–12 g/L, Na+ in 35–55 g/L, Cl− in 70–110 g/L
(Figure 4.1). Total TDS is approximate from 120–150 g/L. The pH was recorded from 5.0
to 7.5. The saline brine reservoir of the Formation is expected to trap CO2 by carbonation
because of high concentration of Ca2+ and Mg2+ . The mixed saline solution with similar
chemical composition of the Formation is expected to cause carbonate crystallization.

4.3

Characterization of experimental products with XRD
Ten treated samples for ten successful experiments were analyzed. XRD results were

divided into three groups. The first group contains the result of experiments E1, E2 and E20, which used the raw sample. To change the parameters, the second group of experiments
E3-1, E3-2, E3-5 were conducted by using different sources of CO2 and concentrated
glauconite sample. The third group contains the experiment E4-1, E4-2, E4-3, E4-5, E4-7
tested the reaction of glauconite and CO2 in various types of brine. The different localities
of the studied areas between original samples and treated samples in their diffractograms
are shown in the Figure 4.3.
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Figure 4.1: Elemental brine chemistry in 151 wells of Eutaw Formation in Mississippi
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Figure 4.2: E2-0 diffractogram is for a raw rock sample containing glauconite. E1 is for a
treated sample in sea water with supercritical fluid of CO2 . E2-1 is for a treated sample in
Ca-Na brine in 14 days. E2-1 diffractogram revealed the presence of calcite.

E2-0 is a raw sample that has typical peaks of glauconite, quartz, and calcite. The
sample was quantitatively analyzed with glauconite 38 wt%, quartz 58 wt%, and calcite
4 wt%. The glauconite was confirmed by the appearance of its typical peaks at 8.6, 21,
41 2θ. In addition to glauconite, quartz presented abundantly. Calcite and a small amount
of carbonate fluorapatite were detected by EDS. In the treated sample E1, there was no
evidence of any secondary carbonate mineral though higher concentration of Ca was documented in comparison to its concentration in the original brine. However, the sample
E2-1 have shown the formation of calcite. It is believed that using the saline brine with
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high concentration of calcium and sodium facilitated the formation of calcite. The E2-1
diffractogram showed non-overlapping calcite peaks at 29 and 48.5 2θ.

Figure 4.3: E3-0 diffractogram for glauconite concentrated sample with 69.5% glauconite.
All E3-1, E3-2, and E3-5 experiments are for treated samples using Ca-Na brine. However,
E3-1 brine was added 200 µl; E3-2 was added 65 µl; and E-5 used Oxalic acid as a CO2
source.

In another series of the experiment, glauconite-CO2 experiments were conducted by
using 63 µm sieved glauconitic sandstone powder with 69.5 wt% of glauconite, 30.5 wt%
quartz. The incubation of the rock sample in Ca-Na brine and CO2 environment into
autoclaves causes the difference in mineral composition after treatment, which reflects
on diffractograms. There is no calcite peak in E3-1, but typical calcite peaks are shown in
the diffractogram of E3-2. In experiment E3-5, whewellite is observed when using oxalic
28

acid as a source of CO2 . Whewellite locations (2θ) are at 14, 18.5, and 31. In experiment
E4-1 and E4-2, a possible aragonite peak (2θ) presents at 26.1.

Figure 4.4: E4-1 diffractogram for experiment using the Ca-Na brine with ammonium
carbonate as CO2 source. E4-2 used ammonium bicarbonate. E4-3 applied Na brine with
ammonium carbonate. E4-5 used NH4 Cl brine with ammonium carbonate, and E4-7 used
seawater with ammonium carbonate.

The XRD results revealed that the experiments using Ca-Na brine yielded secondary
carbonates at high pH in contrast to all other experiments. The experiment E4-1 and E4-2
yielded higher amount of calcite due to longer experimental duration (19 days) in comparison to experiments of series E3.
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∗ ∗ ∗∗ **** Oxalic acid — C2 H2 O4

14

-

Ca-Na3 : Added 20 µl HCl

14

8.47

0.002

∗ ∗ ∗ *** Ammonium bicarbonate — NH4 HCO3

14

6.45

0.002

**

Ca-Na2 : Added 65 µl HCl

10

Duration (days)

7.74

0.002

**

∗∗ ** Ammonium carbonate — (NH4 )2 CO3

7

Final pH

0.0015

**

5

Ca-Na3

63

0.5

2.3

120

E3-3

Ca-Na1 : Added 200 µl HCl

-

Mole of Reactants

**

5

Ca-Na2

Ca-Na1
5

63

0.5

2.3

120

E3-2

63

0.5

2.3

120

E3-1

∗ * CO2 supercritical fluid

*

CO2 Source

4

Ca-Na

70

0.7

2.3

120

E2

SW: Seawater

30

SW

Volume of Brine (ml)

Brine type

100 -5000

120

Temperature (◦C)

Sample Size (µm)

E1

Experiments

14

-

0.002

***

5

Ca-Na

63

0.5

2.3

120

E3-4

14

2.93

0.002

****

5

Ca-Na

63

0.5

2.3
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Table 4.1: Experimental Conditions Summary
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9.13

0.004

***
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SW
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0.5

2.3

120
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4.4

Characterization of sample morphology and chemical composition with SEM
(EDS)
A reaction between glauconite and carbon dioxide was expected in low pH experi-

ments through glauconite dissolution in CO2 rich fluid, release of Mg2+ , and formation of
MgCO3 . However, there was no visible crystals of MgCO3 found under SEM. It could be
explained by the sluggish reaction between glauconite and CO2 . High pH crystallization
experiments performed in high-Ca solutions yielded crystallization of calcite observable
2+
under SEM (Figure 4.5). Calcite formed likely as reaction between CO2−
that
3 and Ca

initially presents in the fluid. Besides the predominace of rhombohdral calcite crystals,
aragonite presents like rods all over samples. Some aragonite rods grow in the vicinity of
calcite. The concentration of Ca2+ in those experiments is closed to to the concentration
of many well brines in Mississippi.Therefore, calcite precipitation from solution prove the
capacity of carbon sequestration in Mississippi if pH is above 6.88. No evidence on calcite
growth on glauconite grains were observed. The SEM images and EDS results for each
experiment are shown in the following figures.
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Figure 4.5: Treated samples for experiment E4-2 (calcite-yellow arrow, aragonite-blue arrow, aragonite-blue arrow). The pH of the brine after the experiment is 6.88 The condition
of E4-2 is in Table 4.1. (A)(D) A lot of blocky-rhombohedral crystals presented in the
sample with size of 20-50 µm.(C) The aragonite rod develops from a calcite crystal. (B)
These blocky crystals are separated from glauconite grains.
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Figure 4.6: Treated samples for experiment E4-1 (calcite-yellow arrow, aragonite-blue
arrow, aragonite-blue arrow). The condition of E4-1 is in Table 4.1. The pH of the brine
after the experiment is 8.38. (A) Two rods of aragonite grow on the surface of a glauconite
grain. (B)(C) A lot of blocky-rhombohedral calcite crystals and needles like aragonite
present in the sample with size of 20 µm and separate to glauconite grains.(C) a blocky
calcite crystals is tranforming to aragonite
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4.5

Mineral dissolution though water analysis
A total of ten successful experiments were examined for their brine chemistry by ICP-

OES. The concentration of Sr, Si, P, Zn, and Al did not change significantly after heat and
pressure treatment in all experiments. However, concentration of other elements, especially
Mg, Fe, Ca concentrations were recorded with high concentrations in the experiments using acids. The blue line of experiment E1-1 shows that the concentrations of Mg, K, Ca
are higher than ones in other experiments with 4751 mg/L, 1164 mg/L, 1157 mg/L, correspondingly. The concentrations are higher than the original concentrations of the brine
of seawater, Mg 1327 mg/L, K 453 mg/L, and Ca 420 mg/L. This implies that under the
condition of 120◦C and pressure of 100 bars, glauconite was dissolved. The concentration
of Fe is expected to increase along with the concentration of Mg, but did not reach the
expectation. The reason is highly possible for the dilution of the water sample. A high
concentration of Fe was detected in the brine of the experiment E3-5. This is caused by
using oxalic acid as a CO2 supplier. The decomposition of oxalic acid release formic acid
that acidifies the brine to dissolve carbonate fluorapatite and raise the concentration of iron
and calcium. It can be seen that the concentration of Ca in the brine of experiment E1-3
is very high. Utilization of HCl to adjust pH of the brine results in the dissolution of high
portions of calcite and carbonate fluorapatite. Besides the specific experiments mentioned,
the concentration of the brine did not change significantly.
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Figure 4.7: Elemental analysis of brine in each experiment after treatment.
The brine analyzed results were divided into four groups. The first group (E3-1,
E3-2, E3-5) used acids and Ca-Na brine. The second group (E4-1, E4-2, E2-1/or E2))
used Ca-Na brine. The third group had E4-3 using Na brine and E4-5 using NH4 Cl brine.
The last group (E4-7 and E1-1/or E1) used sea water; E1 used CO2 supercritical fluid.
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CHAPTER 5
DISCUSSION

The datasets for each experiment of this research including XRD, SEM-EDS, brine
chemistry, and CO2 -rock-brine reaction. A reaction between glauconite and carbon dioxide was expected. Glauconite was predicted to dissolve in a saturated CO2 brine and to
release ion magnesium. Mg2+ then reacts with CO2 to form MgCO3 . Given the hypothesis
that glauconite reacts with carbon dioxide, the research gives no visible evidence for the
reactivity because some considered reasons including low reaction rate and deficiency of
Ca, Mg and Fe in a typical sedimentary formation [13].
There was some adjustments among experiments to facilitate the dissolution of glauconite such as using a small amount of concentrated HCl (E3-1, E3-2), adding alkali
soution (E4-3, NaCl 0.5M), or using hydrated oxalic acid as CO2 source (E3-5). In the
experiment of using oxalic acid as a source of CO2 , whewellite forms instead of calcite. Whewellite locations are at 14, 18.5, and 31 (2θ). The presence of acid in the
solution causes the acids chelating the alkaline metals strongly; therefore, no carbonate
forms though Ca and Mg were observed in the solution [2].
Calcite precipitates from Ca-rich concentration solution in saturated CO2 environment.
The calcite crystals formation implies for carbon sequestration in a subsurface Ca-rich
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aquifer or a naturally reactive aquifer. The potential mineral trapping of a saline aquifer
was documented by mineral carbonation that involves the reaction of CO2 with calcium or
magnesium to form stable inorganic carbonates [4].
CO2 (gas) → CO2 (aqueous)
2CO2 (aqueous) + H2 O → 2HCO−
3
−
+
H2 CO−
3 → HCO3 + H
2−
+
HCO−
3 → CO3 + H
2+
CO2−
→ CaCO3
3 + Ca

The finding of this research is the precipitation of calcium carbonates from 0.25M
CaCl2 solution at 120◦C, 2.3 bars of vapor pressure, and pH higher than 6.88. Carbonates
precipitate formed and was clearly visible under SEM as rhombohedral calcite crystals
and some whiskers of aragonite. Calcite polymorphs and physicochemical characteristics
of CaCO3 significantly depend on temperature, pH of the solution, ion concentration and
ratio, and reaction time [5]. Calcite and aragonite was found in high temperature (50-80◦C)
at pH in a range of 7.03 to 7.48 when CaCl2 and NH4 HCO3 ratio in the solution used is
2+
1:1. The formation of whisker aragonite was believed by the decrease of CO2−
value
3 /Ca

following the increase of temperature [6]. In this research, calcite is predominant may be
due to higher temperature and long reaction time. In experiment E4-2, an aragonite rod
growth in vicinity a rhombohdral calcite demonstrates for a transformation between calcite
and aragonite during incubation of the experiment.
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CHAPTER 6
CONCLUSIONS

A glauconitic rock sample from Riley Formation in Central Texas was selected for
this study of reaction between glauconite and CO2 . The rock contains glauconite 38 wt%,
quartz 58 wt%, and calcite 4 wt% with a very small amount of carbonate fluorapatite. The
rock was chosen because of its richness of glauconite and characteristic similarity sharing
between glauconitic sandstone in Eutaw Formation, MS and glauconitic sandstone in Riley
Formation, Central Texas.
A laboratory autoclave experiment was conducted in different conditions to test the
reaction of glauconite and carbon dioxide. The experimental results show that the interactions of CO2 -rock-brine reactions are limited. The brine chemistry is insignificantly
affected. It is believed that the rate of reaction between glauconite and CO2 is low, thus the
incubation time of the experiment should be much longer.
Although no evidence of a reaction was visible, calcite did precipitate because of high
pH as well as high salinity and high Ca2+ concentration in the solution. This work showed
the carbon sequestration potential of the Mississippi saline subsurface brine if the pH of
the brine is higher than 6.88. However, more work is needed for evaluating reactivity of
glauconite.
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APPENDIX A
ANALYTICAL RESULTS OF THE OTHER EXPERIMENTS
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Figure A.1: (A) a glauconite grain from Tombigbee Sandstone of Eutaw Formation, Mississippi. (B) a glauconite grain from Lion Mountain Sandstone Member of Riley Formation, Central Texas [7]

Dilution steps for ICP-ODS water analysis

Dilution method for standard solution (Figure 3.2.4):
Step 1. Prepare 4 bottles of 125 ml. Add 5 ml each standard solution of Na,
K, Ca, Mg, Si, Al, Fe, Zn, P, Sr to make 50 ml of mixed solution. Take out
0.225 ml of solution and replace with 0.225 ml of 1000 ppm Yttrium and 1%
HNO3 to make a solution containing 5 ppm Yttrium.
Step 2. Place 10 ml of solution A into bottle B, add 90 ml of 1% HNO3 to
make 100 ml of 10 ppm solution. Take out 0.45 ml of solution and replace with
0.45 ml of 1000 ppm Yttrium to make a solution containing 5 ppm Yttrium.
Step 3. Place 10 ml of solution B into bottle C, add 90 ml of 1% HNO3 to
make 100 ml of 1 ppm solution. Take out 0.45 ml of solution and replace with
0.45 ml of 1000 ppm Yttrium to make a solution containing 5 ppm Yttrium.
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Step 4. Place 5 ml of solution C into bottle D , add 45 ml of 1% HNO3 to
make 50 ml of 0.1 ppm solution. Take out 0.25 ml of solution and replace with
0.25 ml of 1000 ppm Yttrium to make a solution containing 5 ppm Yttrium.

Dilution method for sample solutions:
Step 1. Add 1.5 ml sample into 13.5 ml of 1% HNO3 to make 15 ml of solution at 10 times dilution
Step 2. Place 1.5 ml of dilution sample into a new vial, add 6 ml of 1% HNO3
and 7.5 ml of solution with 10 ppm Yttrium and 1% HNO3 .

Figure A.2: Two aggregates of a glauconitic sandstone from experiment E-1 were picked
for SEM analysis. In searching of new carbonate mineral phases, dolomite or calcite crystals were expected to see on the glauconite grains surface after 14 days of incubation. The
brine was artificial sea water and the CO2 supercritical fluid as the CO2 source. Both
images for reacted samples did not show any difference with its original morphology of
glauconite grains.
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Figure A.3: The first sample is an unreacted sample compared to reacted samples for
experiment E2. The rock sample is incubated at 120◦C and saturated vapor pressure 2.3
bars. The brine was mixed with 0.5M NaCl and 0.25M CaCl2 . The source of CO2 was
from the decomposition of ammonium carbonate. After 14 days of incubation, the pH was
measured with 7.74. The aggregates of the samples contain fragments of glauconites and
other minerals.
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Figure A.4: Rounded Glauconite grains with blades on their surfaces were examined. In
this E3-2 experiment, the rock sample was disaggregated to grains with size of less than 63
µm. After 14 days of incubation, the pH of the brine was measured with 8.47 and calcite
formation was confirmed with XRD. Considering SEM images of glauconite grains, the
blades of glauconite was seen, but no calcite crystals growth on them.
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Figure A.5: Treated samples for experiment E4-3. The experiment E4-3 was conducted
120◦C and saturated water vapor in 19 days. The brine is 0.5M NaCl solution. The sourceof
CO2 for this experiment was from the decomposition of ammonium carbonate. The pHwas
measured with 8.82. No calcite formation was confirmed under SEM images.
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Figure A.6: Treated samples for experiment E4-5: The experiment E4-3 was conducted
at 120◦C and saturated water vapor in 19 days. The brine is 0.5M NH4 Cl solution. The
source of CO2 for this experiment was from the decomposition of ammonium carbonate.
The pH was measured with 8.69. No calcite formation was confirmed under SEM images.
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Figure A.7: Treated samples for experiment E4-7: The experiment E4-7 was conducted at
120◦C and saturated water vapor in 19 days. The brine is artificial sea water. The source
of CO2 for this experiment was from the decomposition of ammonium carbonate. The pH
was measured with 9.13. No calcite formation was confirmed under SEM images.
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